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ABSTRACT 

Laser  guided,  electric  discharges  in  the 
atmosphere  have  been  used  to  create  ~1m  long,  air 
plasma  channels  and  have  enabled  experiments  to  study 
channel  cooling  and  the  interaction  of  intense 
relativistic  electron  beams  (REB)  with  channels  in  the 
atmosphere.  These  discharges  require  driving 
potentials  >100kV  to  follow  the  laser  designated  path, 
but  only  modest  stored  energy:  typically  <1000J  and 
-250kV  were  used.  Some  applications  used  two  stage 
discharges  wherin  a  second,  lower  voltage  capacitor 
bank  was  discharged  into  the  air  plasma  channel.  The 
secondary  discharges  were  tailored  for  each  application 
which  included:  channel  resistance  measurements;  the 
generation  of  an  RF  plasma  antenna;  simulation  of 
nuclear  explosion  induced  lightning  (NEIL);  and  studies 
of  relativistic  electron  beam  propagation  in  current 
carrying  channels.  We  describe  the  different  systems 
used  to  effect  these  discharges  and  consider  the  design 
of  a  system  necessary  to  extend  the  discharge  length  to 
~10m. 


INTRODUCTION 

Partially  conducting,  reduced  density  channels  in 
the  atmosphere  can  be  produced  along  predictable  paths 
by  high  energy  focused  laser  beams[1,2].  A  high 
voltage  electric  discharge  will  follow  the  path  the 
laser  designated  channel  .and  provide  a  systematic 
method  for  studying  such  phenomena  as  channel 
cooling, [3]  long  duration  discharges  for  nuclear 
explosion  induced  lightning  (NEIL)  simulation,  and  the 
interaction  of  an  intense  relativistic  electron  beam 
(REB)  with  channels  in  the  atmosphere[A].  The  highly 
conductive  afterglow  plasmas  have  also  been  used  as 
radio  frequency  antennas  to  transmit  and  receive 
information. [5]  Most  of  these  applications  used  a  two 
stage  discharge  system[6].  The  primary  discharge 
requires  driving  potentials  of  the  order  of  lOOkV  per 
meter  of  channel  to  follow  the  laser  designated  path 
but  only  modest  stored  energy.  This  was  provided  by  a 
compact  Marx  generator  (a  parallel  charged,  series 
discharged  capacitor  bank)  with  typically  <1000J  stored 
energy  and  a  peak  output  voltage  of  -250kV.  The 
secondary  discharge  was  provided  by  separate  lower 
voltage  capacitor  banks  that  were  chosen  for  each 
application.  The  secondary  capacitor  bank  was  isolated 
from  the  primary  discharge  by  a  simple  inductor  (see 
figure  1)  when  long  duration  (  -1ms  )  discharges  were 
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Figure  1 .  Schematic  diagram  of  the  apparatus  for 
producing  discharge  channels  with  inductive  isolation 
of  the  secondary  bank. 


required  or  by  a  normally  open,  explosively  closed,  low 
inductance,  solid  dielectric  switch  (see  figure  2)  when 
short  duration  (<100  us  )  discharges  were  required. 
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Figure  2.  Schematic  diagram  of  the  apparatus  for 
producing  discharge  channels  with  explosive  switch 
isolation  of  the  secondary  bank. 


The  explosively  closed  switch  is  capable  of  holding  off 
over  300kV.  Preliminary  testing  has  been  conducted  on 
a  new  version  of  the  explosive  switch  that  can  isolate 
a  secondary  bank  from  a  primary  discharge  of  more  than 
1MV  that  will  be  required  to  produce  -10m  long 
channels  in  the  air. 


APPARATUS 

As  indicated  in  figure  3,  the  path  of  the  laser 
guided  electric  discharge  is  designated  by  the  focused 
beam  from  a  Nd:glass  laser.  This  laser  typically 
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Figure  3.  Arrangement  for  preparing  channels  in  the 
atmosphere. 

delivers  60J  in  AOns  at  1.06  pm  wavelength.  The  laser- 
atmosphere  interaction  is  enhanced  by  the  presence  of  a 
light  smoke  (<10~'gm/om’)  which  is  created  by  burning  a 
small  quantity  of  black  gunpowder  in  the  experimental 
enclosure.  Within  the  diameter  of  the  laser  beam,  the 
aerosol-initiated  air-breakdown  produces  randomly 
spaced  plasma  beads  and  sufficiently  perturbes  the 
atmosphere  to  guide  an  electric  discharge  along  the 
laser  path.  The  laser  .energy  absorbed  in  this 
preionized  channel  is  -15J/m.  A  compact,  five  stage 
Marx  generator  with  effective  capacitance  of 
O.Ol6pF  provides  the  primary  high  voltage  discharge, 
typically  -250kV  .  The  delay  between  firing  the 
Nd: glass  laser  and  trigering  the  Marx  generator  is 
always  30  us  ,  and  electrical  breakdown  occurs 
immediately  (<100ns).  For  1m  long  guided  discharges  the 
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current  in  the  discharge  rises  sinusoidally  to  a 
maximum  of  -10kA  ,  oscillates  with  a  period  of  ~3ps  . 
and  damps  to  <1kA  in  three  periods.  The  energy 
deposited  in  the  hot  air  column  is  ~350J/m.  At  a 
time  ~30ps  after  firing  the  Marx  generator,  a  long, 
straight,  reduced-density  channel  has  formed.  The 
channel  has  reached  pressure  equilibrium  with  the 
atmosphere  around  it  but  is  more  highly  conducting  than 
thermal  equilibrium  at  this  temperature.  Once  the 
primary  discharge  has  begun,  different  secondary  banks 
can  be  discharged  along  the  same  path  (see  figure  4). 


Figure  4.  Photograph  of  a  l6kA  discharge  in  the  test 
chamber . 


The  detonator  activated,  solid  dielectric  switch, 
depicted  in  figure  2,  closes  (on  command)  ~30us  after 
triggering  the  Marx  generator,  when  conditions  formed 
by  the  primary  discharge  are  varying  slowly.  The 
switch  was  housed  in  a  plastic  tank  60cm  on  a  side. 

Six  sheets  of  0.5mm  thick  polyethelyne ,  40cm  on  a  side, 
separated  the  upper  and  lower  electrodes  of  the 
switch.  The  tank  was  filled  with  SFg  gas  at 
atmospheric  pressure  to  suppress  flashover  around  the 
polyethylene  sheets.  Figure  5  shows  pre-  and  post¬ 
closure  views  of  the  switch.  During  the  primary 
discharge,  before  the  switch  closes,  it  is  subjected  to 
a  peak  voltage  stress  of  V(primary)±V(secondary) , 
depending  on  the  polarity  of  the  secondary  bank.  After 
the  primary  discharge  has  decayed,  the  upper  switch 
electrode  is  connected  to  ground  through  the  air  plasma 
column  so  that  when  the  switch  closes  the  voltage 
across  it  is  just  that  of  the  secondary  bank.  To  close 
the  switch, 
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solid  dielectric  switch  a)before  closure  and  b)after 
closure. 


an  RP-80  exploding  bridgewire  (EBW)  detonator,  mounted 
inside  the  lower  electrode,  is  triggered  and  drives  a 
3mm  thick  aluminum  plate  from  the  lower  electrode 
through  the  polyethylene  sheets  to  contact  the  top 
electrode.  The  paraffin  sandwiched  between  the 
detonator  and  the  driven  plate  provides  a  pressure 
transfer  medium  to  couple  the  shock  wave  generated  by 
the  detonator  to  the  aluminum  plate.  After  the  shot 
the  polyethylene  sheets  and  the  aluminum  driven  plate 
are  replaced.  The  hardened  steel  breech  block  is 
reloaded  with  a  new  detonator  and  paraffin.  The 
turnaround  time  of  the  switch  is  reduced  to  about  5 
minutes  if  several  breech  blocks  are  kept  loaded  and 
ready.  The  trigger  pulse  is  supplied  through  an  oil- 
insulated,  isolating  transformer  because  the  switch  and 
detonator  assembly  "float"  electrically  with  the  high 
voltage  side  of  the  secondary  bank  during  the  charge 
cycle.  The  switch  closes  ~22ps  after  the  trigger 
pulse  to  the  detonator  (see  figure  6). 


TIME  DELAY  {fj.s ) 

Figure  6.  Histogram  of  the  time  delay  between  trigger 
and  closure  for  the  explosively  closed,  solid 
dielectric  switch  shown  in  figure  5. 


APPLICATIONS 

Experiments  on  channel  cooling  and  REB  interaction 
with  reduced  density  channels  were  carried  out  with  the 
primary  discharge  that  is  depicted  in  figure  3.  At 
~100ys  after  the  initiation  of  the  primary  Marx 
discharge  the  plasma  column  has  achieved  approximate 
thermal  equilibrium  at  a  temperature  of  -5000K  ,  an 
electron  density  of  -  10l4/cn>3<  an  on  axis  gas  density 
-1/20  of  normal  atmospheric  density,  and  a  radius  of 
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-1cm  .  Time-resolved,  multiframe  schlieren 
photography  of  the  channel  shows  that  it  cools  by 
turbulent  convective  mixing  of  cold  outside  air  into 
the  hot  reduced  density  channel. [3] 

When  a  IMeV,  l6kA,  40ns  long  REB  pulse  was 
injected  into  a  hot  discharge  channel  to  3tudy 
REB/channel  interaction,  it  induced  a  plasma  current  to 
flow  in  the  channel  in  the  opposite  direction  to  that 
of  the  REB  current.  The  magnetic  repulsion  of  these 
counterflowing  currents  ejected  the  REB  from  the  region 
of  the  channel.  This  effect  was  most  pronounced  at 
early  times  when  the  discharge  channel  was  hot  and 
conductive  but  it  decreased  in  intensity  until  by 
~350ps  the  motion  of  the  REB  was  Indistinguishable 
from  that  when  it  was  injected  into  ambient  air.  For 
these  experiments  it  must  be  remembered  that  there  was 
no  residual  discharge  current  flowing  in  the  channel 
when  the  REB  pulse  was  injected. 

The  phenomenon  of  NEIL  was  observed  at  the  IVY- 
MIKE  above  ground,  thermonuclear  test  in  1952[7]  and 
has  remained  somewhat  of  a  mystery  for  many  years[8]. 

To  effect  a  laboratory  simulation  of  NEIL  the  circuit 
shown  in  figure  1  was  used.  Two  different  secondary 
banks,  a  320pF  bank  charged  to  lOkV  and  a  3200pF  bank 
charged  to  lOkV  or  20kV  provided  discharges  with  peak 
currents  of  l6kA,  50kA,  and  lOOkA  respectively  and 
periods  up  to  2ms.  Even  so  these  discharges  were  not 
as  bright[9]  nor  as  long  lasting  as  the  NEIL 
discharges. 

The  circuit  shown  in  figure  2,  with  the 
explosively  closed,  solid  dielectric  switch,  has  been 
used  in  several  experiments.  The  channel  resistance  per 
unit  length  was  determined  using  a  1200pF  secondary 
bank  charged  to  400V. [6]  While  the  primary  discharge 
current  is  flowing  the  resistance  of  the  plasma  column 
is  ~4ohm/m.  At  ~30ps  the  resistance  is  ~20ohm/m, 
and  at  -125ps  the  resistance  is  -lOOohm/m. 

Thereafter  fluid  turbulence  within  the  plasma  column 
begins  to  mix  the  hot  discharge  gas  with  cold  outside 
air.  The  column,  therefore,  grow3  in  radius  as  it 
becomes  colder  and  denser,  and  its  resistance  grows 
exponentially. 

A  l80pF  secondary  bank,  charged  to  20kV,  was 
used  to  sustain  for  up  to  2ms  two  parallel  67cm  long 
plasma  discharges  that  made  up  the  two  halves  of  a 
folded  monopole  antenna  in  a  study  of  the  feasibility 
of  using  an  atmospheric  discharge  plasma  as  an  RF 
antenna. [5]  This  plasma  antenna  has  been  used  to 
transmit  and  receive  signals  at  112MHz,  the 
characteristic  frequency  of  the  antenna.  While  the 
plasma  remained  conducting,  the  signal  transmitted 
from,  and  received  on,  the  plasma  antenna  was  within 
-1±1db  of  that  transmitted  from  and  received  on  a 
standard  copper  folded  monopole  antenna  of  the  same 
size. 

A  4pF  secondary  bank  charged  at  up  to  50kV  was 
used  to  study  the  interaction  between  a  REB  and  a 
discharge  channel  that  had  a  current  impressed  on  it  in 
the  same  direction  as  the  current  in  the  REB. [4]  The 
secondary  discharge  had  a  peak  current  of  50kA  with  a 
period  of  -20ps  .  The  l6kA,  40ns  REB  was  injected 
both  coaxially  and  at  a  10°  angle  to  the  discharge 
axis.  In  both  cases,  the  REB  wa3  captured  by  the 
magnetic  field  of  the  coflowing  discharge  current  and 
transported  the  full  length  of  the  1m  long  channel. 

FUTURE  WORK 

To  test  the  ability  of  long  current  carrying 
channels  to  transport  high  energy  REBs  we  intend  to 
extend  the  discharge  channel  length  to  -10m,  for  this 
three  major  pieces  of  equipment  need  to  be  upgraded. 

The  Nd: glass  laser  output  will  be  increased  to  -250J 
in  a  4ns  pulse.  We  have  already  established  that  just 
such  laser  parameters  are  sufficient  to  produce 


aerosol-initiated,  air-breakdown  over  a  distance  in 
excess  of  10m.  The  primary  capacitor  bank  must  supply 
a  potential  on  the  order  of  -lOOkV  per  meter  of 
channel  to  track  the  laser  channel.  To  that  end,  a 
>1MV  Marx  generator  is  under  construction.  Finally, 
the  switch  which  isolates  the  secondary  bank  from  the 
primary  discharge  must  be  capable  of  holding  off  the 
IMv  potential  for  the  duration  of  the  primary 
discharge,  yet  close  on  command  at  a  low  voltage. 


Figure  7.  Schematic  diagram  of  the  explosively  closed, 
oil  dielectric  test  switch  a)before  closure  and  b)after 
closure . 
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We  have  measured  the  closure  time  as  a  function  of 
electrode  spacing  for  an  explosively  closed,  oil 
dielectric  switch.  This  switch  has  a  solid  aluminum 
bullet  recessed  inside  the  lower  electrode  sitting  upon 
an  RP-80  detonator.  The  bullet,  which  is  longer  than 
the  oil  gap  spacing,  is  propelled  across  the  gap  and 
imbeds  in  the  upper  electrode  while  remaining  connected 
to  the  lower  electrode.  See  figure  7  for  a  pre-  and 
post-closure  views  of  the  test  stand.  The  gap  closure 
delay  time  was  ~300us  for  an  oil  gap  of  5cm  (see 
figure  8).  The  final  switch  configuration  will  have 
5cm  radius,  hemispherical  electrodes  with  removable, 
hardened  steel  inserts  for  the  'gun'  and  'catcher'.  A 
gap  spacing  of  5cm  with  transformer  oil  as  the 
dielectric  should  provide  adequate  insulation  for  this 
application. 


ELECTRODE  GAP  (cm) 


Figure  8.  Plot  of  the  delay  time  between  trigger  and 
closure  versus  electrode  gap  for  the  explosively 
closed,  oil  dielectric  switch  shown  in  figure  7. 
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